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I. INTRODUCTION

The control issue is one of the most important aims in
the industry, an also in robotics. In the specific case of the
acrial vehicles, the complexity increases comparing them
to ground and underwater robots. In the UAV’s case, the
control system have to deal with stability, wind disturbances
and other forces just to keep the robot hovering in an
specific location. The uncertainty, inaccuracy, approximation
and incompleteness problems of the extracted data from the
sensors have to be taken into account to close a control loop.
These issues could be deal more casily with some of the Soft
Computing (SC) approaches. Fuzzy Logic Controller (FL.C)
is one of the most active and fruitful SC control techniques.
This technique use the expert knowledge to configure the
controller, but a fine tuning is also needed to adjust the
controller for the specific problem to solve. It could be done
manually or using an autonomous optimization method. The
optimization of this type of controllers for UAVs is already
presented in the literature. Some of the most relevant of
works are [1], that shows a self-tunable fuzzy inference
system (STFIS) compared with model-based control system
to control a drone in presence of disturbances. The classical
and multi-objective genetic algorithm (GA) based fuzzy-
genetic autopilot are also designed and used for a UAV
[2]. An adaptive neuro-fuzzy inference system (ANFIS)
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based controller for a UAV [3] was developed to adjust the
altitude, the heading and the speed together. Usually these
kind of method are designed for the specific task of control
optimization. But there are also some other mathematical
approaches that could be adapted to the control task. This is
the case of the Cross-Entropy. This is a method that derives
its name from the Kullback-Leibler distance, also known
as Cross-Entropy distance, which is a fundamental concept
of modern information theory. The method was motivated
by an adaptive algorithm for estimating probabilitics of
rare events in complex stochastic networks, which involves
variance minimization. The CE method provides a unifying
approach to simulate and optimize [4]. Several applications
demonstrate the power of the CE method like in [5] for power
system reliability evaluation, in [6] for the selection of the
right antenna in communication tasks, and in [7] for motion
planning. This optimization method was also used for tuning
controllers, by the adaptation of the values of a controllers’
gains. As far as the authors known the only works presented
in the literature using this technique and done by other
authors are the optimization of the PID gains of a simulated
inverted pendulum by Bodur [8], the optimization of gains
of a Fuzzy PD-like controller for cutting force regulation of
a drilling process by Haber et al. [9].

The sense-and-avoid problem has been identified as one
of the most significant challenges facing the integration of
aircraft into the airspace [10]. Here, the term “sense” relates
to sensor or sensors used to automatically detect the potential
collision, whilst the term “avoid” relates to the autonomous
control action used to avoid the potential collision. In the
specific case of using a camera to sense the environment this
task is called sec-and-avoid. The computer vision techniques
using either a camera or a thermal image sensor have been
used with success in some work presented in the literature
as [11][12][13].

In this work is presented the adaptation of the optimization
method, not just for the optimization of the gains of the
inputs, but also for the optimization of the membership
functions’ sets of each variable (inputs and outputs), and for
the assigned weight for each rule of the base of knowledge of
a fuzzy controller. The chosen task for the control approach
is the control of the orientation of an unmanned aerial vehicle
for see-and-avoid, using the visual feedback information
from an onboard camera.

This paper is structured as follows. Section II shows
the approach of this method to optimize a fuzzy control
approach. The section IIT shows the vision algorithm used for
the detection of the predefined obstacle. The fuzzy control






parameters of each pdf depend on the range of the value to
optimize. In the case of the membership functions’ sets, the
value of & depends on the range of the variable itself, and the
number of sets that was defined during the designing process
of the controller. In case of the rule’s weight, a range of [0, 1]
can be assigned. The probability density function selected
in this work was the normal distribution. Based on this
preliminary information the Cross-Entropy method was set to
generate in each iteration N = 100 fuzzy controllers, where
each controller x; is composed by a set of generated values of
the h components of the selected parameter to optimize x; =
(xi17xi27 ~~~7xih)' The g(x7v) - (g(x17v)7g(xz7v)7 ...7g(Xh7V))
is the probability function associated to each parameter’s
component. Depending on the specific parameter to optimize
each xj1,xp,...,x5 will correspond to the different gains
of the variables (inputs and outputs), the position of each
membership functions’ sets, or to each rules’ weight. Once
all the generated controllers were simulated, the controllers
were sort based on the resulting value obtained by the
selected objective function. The most commonly used are,
the Integral Time of the Absolute Error (ITAE), the Integral
Time of the Square Error (ITSE) or the Root Mean-Square
Error (RMSE). Then, only a set of selected best controllers
(N""¢ — 5) were used to update the g(x,v). In the presented
case, that the selected pdf was a normal distribution, a new
mean (1) and a new sigma (&) values were calculated using
this set of elite controllers, as is shown in the Equation 1.
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Where x is the value of the 4 component of the parameter
to optimize that belongs to the j* elite controller in the
specific ¢ iteration of the cross-entropy method. The mean
vector fi should converge to ¥* and the standard deviation &
to zero.

In order to obtain a smooth update of the mean and the
variance we use a set of parameters (8,o,n), where o is
a constant value used for the mean, 1 is a variable value
which is applied to the variance to avert the occurrences of
0s and 1s in the parameter vectors, and 8 is a constant value
which modify the value of 1n1(¢), as is shown in the Equation
2,
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Where {((r —1) and &(r — 1) are the previous values
of {i(t) and &(¢). The values of the smoothing update
parameters are 0.4 < <09, 06<B<09and2<g<7.

III. IMAGE PROCESSING FRONT-END

Visual awareness is achieved by using an onboard forward-
looking camera. Images from the camera were sent to a
laptop Ground Station (GS) for the off-board processing.
Then the image is processed and the information extracted
is sent to the developed control system approach, that is

running in parallel, to finally sent back the specific command
to the UAV. The detection and avoidance of the obstacle is
done using a visual algorithm based on color detection for
the gains optimization process, and based on the detection
of an augmented reality (AR) marker for the membership
functions’ sets, and rules’ weight optimizations. The second
one is more robust against illumination changes than the first
one. For both algorithms the information extracted from the
processed images is the location in the horizontal axis of
the center of the marker inside the image. This information
is used with the camera calibration to estimate the angle
between the reference position inside the image, the center
of the object and the camera location (the quadrotor). The
second algorithm used is based on a developed library of
augmented reality using OpenCV named ArUco [15].

IV. Fuzzy CONTROL APPROACH FOR SEE AND AVOID

The see-and-avoid strategy is based on the control of the
heading or orientation of the aircraft, based on the visual in-
formation. The presented control system approach was done
by the design and develop of a controller based on Fuzzy
Logic. The decision to use this technique is based on the
non-linearity of the system, the high sensibility of the UAV
against potential disturbances. Furthermore, this technique
does not need to use a model of the system to control. The
designed heading controller was developed using the Miguel
Olivares’ Fuzzy Software (MOFS) [16]. The controller was
designed as a PID-like, with three inputs and one output. The
first input is defined as the angle error between the reference
position inside the image, the current position of the object
to avoid, and the UAV. The second input is the derivative of
this angle estimation, and the third input is the integral on
time of this error. The output of the control system approach
is the velocity command on degrees per seconds for the
orientation change rate of the aircraft. The inputs and the
output are defined using triangular membership functions.
Different approaches were developed using different number
of sets for the input variables. For the gains optimization
were used 3 sets and for the optimization of the membership
functions and rules’ weight were used 5 sets. The numbers
of sets of the inputs variables define the size of the rules’
base, being in the first case 27 rules and 45 in the second
one.

The defuzzification method used in this approach is the
height method, shown in Equation 3.
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Where N and M represent the number of inputs variables
and total number of rules respectively. p,; denote the mem-
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bership function of the Ith rule for the ith input variable. 3
represent the output of the Ith rule. w; corresponds to the
weight of the ith rule; that could takes values from O to 1.
The Figure 2 shows the control loop of the fuzzy control
approach and the three optimization processes represented
by the numbers 1,2,3 and the related colored lines. The












It must be taken into account that the quadrotor used for all
the presented tests has not a onboard computer, so the image
processing must be done in a remote computer connected by
WiFi with the UAV. The connection is quite unstable an the
number of images per seconds received is not constant during
the tests. This value moves from 6 to 20 frames per seconds.
Some video of the presented tests are available on [22], [23],
[24],.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we have presented a novel approach of the
Cross-Entropy method to optimize three different parts of a
fuzzy controller making easier the tuning of a basic fuzzy
controller for a specific task. A fuzzy control approach to
command the orientation of an unmanned aerial vehicle for
avoiding collisions was used for the optimization process.
The optimization of the inputs’ gains, the membership func-
tions’ sets, and the rules’ weight were done using this re-
cently developed optimization method. The processes of the
different optimizations were done in two different simulated
environments. The optimized controllers were compared with
the initial controller configurations at different speeds in
indoor tests with a real quadrotor. The results show that
the optimized controllers improve the behavior of the non-
optimized ones, by a big reduction of the root mean square
error of the full tests, and by finishing successfully the
avoiding task at higher speeds. The membership functions
and the rules’ weight optimization processes, also reduce the
number of the rules in the base of knowledge, simplifying
the initial control system approach.

The presented adaptation of the Cross-Entropy method
for fuzzy control optimization could be also used to opti-
mize other control approaches, that is in what the authors
are working right now, to compare the different optimized
control approaches for different specific tasks.



